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[57] ABSTRACT

An electron emission device for attracting electrons
emitted from an electron emission element to an anode,
includes a current detector for detecting a flow-in cur-
rent to said electron emission element and a flow-out
current from the electron emission element. The differ-
ence between the flow-in current and the flow-out cur-
rent is calculated and the voltage applied to the electron
emission element is adjusted in accordance with the
difference between the flow-in current and the flow-out
cuttent.

14 Claims, 6 Drawing Sheets
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1
ELECTRON EMISSION DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention |

The present invention relates to an electron emission
device, and more particularly to an electron emission
device having an electron emission element which emits
electrons by application of a voltage and an anode elec-
trode which absorbs the emitted electrons.

2. Related Background Art

In a prior art electron emission device, one of various
electron emission elements to be described later is used
and electrons emitted thereby are attracted by an anode
electrode to form an electron flow.

The electron emission element used is one which uses
an avalanche breakdown of a PN junction (PN-A type),
one which injects electrons into a P layer by applying a
forward bias to a PN junction (PN-B type), one which
has a thin insulation layer sandwiched by metal layers
(MIM type), an electric field emission type element or a
surface conduction type element.

FIG. 1A shows a forward bias is applied to a PN
junction to inject electrons into a P layer, and FIG. 1B
shows a current-voltage characteristic thereof.

In FIG. 1A, when a forward bias V is applied to the
PN junction, a forward current I follows as shown in
FIG. 1B, and the electrons injected from an N layer 102
to a P layer 101 are emitted from a surface 103 of the P
layer into vacuum. On the surface of the P layer, a work
function reducing material 104 such as cesium Cs is
applied in order to increase the amount of electron
emission.

FIG. 2 shows an MIM type electron emission ele-
ment, and FIG. 3 shows a surface conduction type
electron emission element.

-~ The MIM type electron emission element has a lami-
nated structure of a metal electrode 201, an insulation
layer 202 and a thin metal electrode 203. By applying a
voltage across the electrodes 201 and 203, electrons are
emitted from the thin electrode 203.

The surface conduction type electron emission ele-
ment has electrodes 302 and 303 formed on an insulative
substrate 301 and a high resistance thin film 304 formed
therebetween. By applying a voltage between the elec-
trodes 302 and 303, electrons are emitted from the sur-
face of the high resistance thin film 304.

FIG. 4 shows a prior art electron emission device
which uses an electron emission element as shown in
FIG. 1A. As shown in FIG. 4, a voltage V1 is applied
to the electron emission element 401 by a power supply

403 and the emitted electrons are attracted to an anode -

electrode 402 to which a voltage V3 is applied from a
power supply 404 to form an electron flow 405.
In such prior art electron emission devices, the
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amount of electron emission changes with a change of

external environment or a change of efficiency of elec-

tron emission of the element and hence a stable electron

~current is not attained. As shown in FIG. 1B, when the
application voltage V is higher than Vj the current I
changes significantly and it is difficult to stabilize the
amount of electron emission.

When the MIM type or surface conduction type elec-
tron emission element is used, the change of the current
is significant when the applied voltage is higher than a
predetermined level and it is difficult to stabilize the

63

electron current, as is the case for the PN type element.

Further, since the amount of electron emission changes

2

with the change of external environment and the
change of efficiency of electron emission of the element,
a stable electron flow is not attained.

The instability of the electron flow is also observed in
the element which uses the avalanche breakdown of the
PN junction or the electric field type element.

The cesium C; applied on the electron emission sur-

face in order to lower the work function is an unstable

element and causes a change of the amount of electron
emission.

SUMMARY OF THE INVENTION

It 1s a primary object of the present invention to pro-
vide an electron emission device which resolves prob-
lems encountered in the prior art electron emission
devices.

It is another object of the present invention to pro-

vide an electron emission device having a stable elec-
tron emission characteristic.

It 1s another object of the present invention to pro-
vide an electron emission device which assures a stable
amount of electron emission irrespective of a change of
external environment and a change of electron emission
efficiency of the electron emission element.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A shows an electron emission element in
which a forward bias is applied to a PN junction to
Inject electrons into a P layer;

FIG. 1B shows a current-voltage characteristic
thereof;

FIG. 2 shows an MIM type electron emission ele-
ment;

FIG. 3 shows a surface conduction type electron
emission element;

FIG. 4 shows a prior art electron emission device;

F1G. 5 shows a block diagram of a first embodiment
of the electron emission device of the present invention:

F1G. 6 shows a block diagram of a second embodi-
ment of the electron emission device of the present
invention;

FIG. 7 shows a circuit of a third embodiment of the
electron emission device of the present invention:

FIG. 8 shows a circuit of a fourth embodiment of the
electron emission device of the present invention:

FIG. 9 shows a circuit of a fifth embodiment of the
electron, emission device of the present invention:

FIG. 10 shows a transfer characteristic of the elec-
tron emission device; o

FIG. 11 shows major portions of a sixth embodiment
of the electron emission device of the present invention:
~ FIG. 12 shows major portions of a seventh embodi- -
ment of the electron emission device of the present
invention; and

FIG. 13 shows major portions of an eighth embodi-

ment of the electron emission device of the present
invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

- FIG. 5 shows a block diagram of one embodiment of
the electron emission device of the present invention.
The electron emission device shown in FIG. 5 is
constructed to attract electrons emitted from an elec-
tron emission element to an anode electrode, an com-
prises current detection means for detecting a flow-in

current to the electron emission device and a flow-out
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current from the electron emission element, operation
means for calculating a difference between the flow-in
current and the flow-out current and voltage control
means for adjusting a voltage applied to the electron
emission element in accordance with the difference
between the flow-in current and the flow-out current.

The above construction offers the following effects.
The difference between the flow-in current and the
flow-out current corresponds to an amount of electron
flow emitted from the electron emission element. For
example, in FIG. §, a current I which represents the
amount of electron flow emitted from the electron emis-
sion element 8 is equal to Ip—I;, where Ipis the flow-in
current and I 1s the flow-out current. Accordingly, by
calculating the difference between the flow-out current
and the flow-in current, the amount of electron flow

can be indirectly measured, and by adjusting the applied

voltage to maintain the difference at a desired constant,
a stable amount of electron emission is always attained
irrespective of a change of external environment or a
change of characteristic of the electron emission ele-
ment.

The electron emission element 501 shown in FIG. 5
may be a PN junction type, MIM type, surface conduc-
tion type or electric field emission type element shown
in FIGS. 1A, 2 and 3, whose amount of electron emis-
sion can be controlled by the applied voltage. As an
example, a PN junction type electron emission element
having a forward bias applied thereto is used in the
present embodiment.

The electron emission element 501 has electrodes 502
and 503. The current I flows out of the electrode 502
and the current I; flows into the electrode 1I;. The elec-
trode 502 1s connected to a negative electrode of a vari-
able voltage circuit 504 through a resistor Rg and the
electrode 503 is connected to a positive electrode of the
variable voltage circuit 504 through a resistor R;. Elec-
trons 505 emitted from the electron emission element
501 are attracted to an anode 506 to which a voltage V>
i1s applied to produce the current Iy which represents the
amount of electron flow.

The resistors Ro and R; are connected across opera-
tional amplifiers 507 and 508, respectively, an output
terminal of the operational amplifier 507 is connected to
a non-inverting input terminal of an operational ampli-
fier 509, and an output terminal of the operational am-
plifier 508 is connected to an inverting input terminal of
the operational amplifier 509. An output amplifier of the
operational amplifier 509 is connected to an inverting
input terminal of the operational amplifier 510 and a
desired set value is applied to a non-inverting input
terminal thereof. An output terminal of the operational
amplifier 510 is connected to a control terminal of the
variable voltage circuit 504 and the voltage V;of the
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variable voltage circuit 504 is adjusted by the output of 55

the operational amplifier 510.

The operation of the present embodiment is now
explained. |

The voltage V; is applied to the electron emission
element 501 by the variable voltage circuit 504 and the
constant voltage V3 is applied to the anode 506 so that
the currents Ip, Iy and I flow.

The voltage across the resistors Rg and R; are given
by IoRg and I)R;, respectively, which are applied to the
operational amplifier 509 through the operational am-
plifiers S07 and 508, respectively. If Ro=R;=R, the
output of the operational amplifier 509 is given by

65

4
IoRo—IRj=R(Ip—1I)) |

which represents the difference between the currents Io
and I; and is an indirect measurement of the amount of
electron emission. The output of the operational ampli-
fier, which is the measurement of the amount of elec-
tron emission, is applied to the inverting input terminal
of the operational amplifier 510 and compared with the
setting applied to the non-inverting input terminal. The
voltage V;of the variable voltage circuit 504 is adjusted
to reduce the difference between the measurement and
the setting. As a result, the amount of electron emission
is maintained at the desired setting irrespective of the
change of environment and the change of efficiency of
the electron emission element.

In the present embodiment, the control is effected by
varying the voltage V. Alternatively, both the voltages
V;and V; may be changed, the easiest control method
may be selected depending on the characteristics of the
electron emission element 501.

In the electron emission device shown in FIG. §, the
difference between the flow-out current and the flow-in
current of the electron emission element is calculated to
indirectly measure the amount of the electron flow, and
the voltage applied to the electron emission element is
adjusted to maintain the measurement at the desired
constant. Accordingly, a stable amount of electron
emisston is always attained irrespective of the change of
external environment and the change of characteristics
of the electron emission element.

FIG. 6 shows a block diagram of a second embodi-
ment of the electron emission device of the present
invention. |

The electron emission device shown in FIG. 6 is
constructed to attract electrons emitted from an elec-
tron emission element to an anode, and comprises elec-
tron flow detection means for detecting an amount of
electron flow emitted from the electron emission ele-

“ment, and voltage control means for adjusting at least

one of a voltage applied to the electron emission ele-
ment and a voltage applied to the anode in accordance
with an output of the electron flow detection means.

The electron emission device of the present embodi-
ment detects the amount of electron flow emitted from
the electron emission element and adjusts the voltage
applied to the electron emission element and/or the
voltage applied to the anode voltage to maintain the
measurement of the current flow at a constant value. As
a result, a stable amount of electron emission is always
attained irrespective of a change of external environ-
ment and a change of characteristics of the electron
emission element.

The electron emission element 601 shown in FIG. 6
may be of a PN junction type, MIM type, surface con-
duction type or electric field emission type, as is the
embodiment of FIG. 5, which controls the amount of
electron emission by the applied voltage. As an exam-
ple, a PN junction type electron emission element
which uses a forward bias is used in the present embodi-
ment. | '. .

A voltage V/is applied to an electron emission ele-
ment 601 by a variable voltage circuit 602 so that elec-
trons 603 are emitted thereby and attracted to the anode
604. A voltage V3 is applied to the anode 604 by a vari-
able voltage circuit 605. | |

A positive electrode of the variable voltage circuit
602 and a negative electrode of the variable voltage
circuit 605 are connected through an electron flow
detection resistor R. The resistor R is connected across
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an electron flow detection circuit 606, and a detection
output thereof is applied to a control circuit 607. The
control circuit 607 produces control signals to the vari-
able voltage circuits 602 and 605 in accordance with the
detection output to vary the voltage V;and/or Vo.

The operation of the present embodiment is now
explained. |

The voltage V;is applied to the electron emission
element 601 by the variable voltage circuit 602 and the
voltage V3 is applied to the anode 604 by the variable
‘voltage circuit 605. As a result, a current Ip flows out of

the electron emission element 601 and a current I;flows

thereinto, and the electrons 603 are emitted from the
electron emission element 601 to the anode 604. This
electron flow is attracted to the anode 604 so that a
current I> which represents the amount of electron flow
flows through the resistor R. By detecting the voltage
developed across the resistor R the amount of electron
flow can be detected.

The control circuit 607 receives the detection signal
from the electron flow detection circuit 606 and
supplies the control signals to the variable voltage cir-
cuits 602 and/or 605 to reduce a difference from a pres-
ent reference signal. If the amount of electron emission
decreases by some reason, the current I, decreases and
the detection signal from the electron flow detection
circuit 606 varies. The control circuit 607 detects the
decrease of the amount of electron emission by the
difference from the reference signal due to the change
of detection signal, and raises the voltage V; or the
applied voltage V; of the anode 604 to increase the
amount of electron emission. Of course, both the volt-
ages V; and V; may be raised. The easiest control
method may be selected depending on the characteristic
of the electron emission element 601.

Since the electron emission element 601 is not of

thermal electron emission type, the amount of heat

generation is very low. The stability of the electron
flow can be further improved by providing means to
reduce affect by heat. ~

For example, as shown in FIG. 6, a thermo-sensor
608 is provided for the electron emission element 601
and the output of the thermo-sensor 608 is supplied to
the control circuit 607 through a thermo-detection cir-
cuit. The control circuit 607 receives the detection
signal from the electron flow detection circuit 606 and
the thermo-detection signal from the thermo-detection
circuit 609 and adjusts the voltages V; and/or V> in
accordance with those detection signals.

Since the temperature of the electron emission ele-
ment 601 is always monitored, overheating of the ele-
ment is prevented and the affect of heat is minimized.

The electron emission device shown in FIG. 6 detects
the amount of electron flow emitted from the electron
emission element, and the voltage applied to the elec-

tron emission element and/or the voltage applied to the
anode are adjusted to maintain the detected amount at

the constant level. Accordingly, stable electron emis-
sion is always attained irrespective of the change of
external environment and he change of characteristic of
the electron emission element. |

Even if an unstable material such as cesium is formed
on the emission surface in order to reduce a work func-
tion and increase the amount of electron emission, the
stable electron emission is attained by the present inven-
tion. |

F1G. 7 shows a circuit of a third embodiment of the
electron emission device of the present invention.
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In the present embodiment, a voltage is divided by
resistors R;and Rj and the divided voltage is applied to
a base of a transistor Q; to bias it in order to maintain a
constant current. A drive current Ip for an electron
emission element MEB is determined by the resistors
R;, Rz and R3, an applied voltage V; and a base voltage
V g of the transistor Q; and represented as follows.

Vi{R2/(R) + R} — Vag

I R

iyl
Lo

- By fabricating the transistor Q;and the resistor R3 inte-

grally, the affect of the thermal coefficient can be re-
duced.

FIG. 8 shows a circuit of a fourth embodiment of the
electron emission device of the present invention.

The present embodiment is an electron emission de-
vice which uses a current mirror type constant current

circuit, which improves the thermal coefficient in the
third embodiment.

As shown in FIG. 8, a collector of a base-collector
shorted transistor Q;is connected to a base of a transis-
tor Q2, and an emitter of the transistor Qyis connected to -
an emitter of the transistor Q;, and a base-emitter for-
ward voltage of the transistor Qyis applied to the tran-
sistor Q7 to bias it,

A current I is supplied through a resistor R and it
flows into the base and collector of the transistor Qs
which is biased so that a collector current Ip is substan-
tially equal to the current I, and a base voltage Vg is
developed. This base voltage Vg is applied to the base
of the transistor Q; to bias it so that the transistor Q;
supplies a constant current. The current Io which flows
through the electron emission element MEB is given by

Vi — Vpge .
R

if Vi>>VpEg, the change of Vg by the temperature

- can be reduced and Iy is stabilized.
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The electron emission device of the present embodi-
ment controls the current of the electron emission ele-
ment at the constant level. The constant current control
may be effected by an external signal.

'FI1G. 9 shows a circuit of an embodiment of the elec-
tron emission device which is controlled by an external
signal, and FIG. 10 shows a transfer characteristic
thereof.

As shown in FIG. 9, in the present embodiment,
transistors Q3 and Qg are provided laterally symmetri-
cally. A collector current I.; which flows through the
transistor Q3 and a drive current Ip which flows through
an electron emission element MEB are controlled by
external signal voltages Vp;and V), and the currents
which flow out of the transistors Q3 and Q4 are main-
tained at a constant value (I1=Ip+I,) by a constant
current circuit. The electron emission device of the
present invention is of differential amplifier type, and
the external signal voltages Vgrand V and the collec-
tor currents Iy and I of the transistors Q3 and Q4 have
the following relationship.

; ; a Iy
2= Tl = qVri — Vi)

kT
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where

k: Boltzman’s constant

T: absolute temperature

q: charge of electrons |

L=alg;, Ia=alg 3

11, 1g2: emitter currents of the transistors Q3 and Qg,

respectively.

The above relationship is illustrated by a graph in
FI1G. 10. As shown, 1if the differential input voltage ratio
(V1— V) exceeds =4kT/q (approximately 100 mV, 10
T: absolute temperature, q: charge of electrons), that is,
if

Var — V
q(ka B2) S 4 15

the collector current I.; or I, is rendered constant.
Namely, in the electron emission device of the present
embodiment shown in FIG. 9, the current of the elec- 29
- tron emission element is kept constant so long as
(VBiI—V p2) < —4kT/q. The current is thus determined
only by the constant current source Iyand is not affected
by the change of characteristic of Q3 and Q4 by the
temperature. 25

When —4kT<q<(Vpi—Vp)<4kT/q, the drive
current Ig for the electron emission element can be con-
trolled by the external signal voltage difference
Vpi—Vp. When (Vp—Vg)>4kT/q, the drive cur-
rent Ip of the electron emission element is blocked. 30

In the electron emission device shown in FIG. 9, the
change of current because of external temperature is
prevented and the electron emission element can be
stably driven. Accordingly, the amount of electron
emission is stabilized, the peripheral circuit is protected, 35
and the reliability of the electron emission device is
significantly improved.

By providing current control means for controlhng
the current which flows through the electron emission
element by the external signal, to the electron emission 4¢
devices shown in FIGS. 7 to 9, the amount of electron
emission of theeelectron emission element is controlled.

In the electron emission device of the present inven-
tion, heat carrier means may be provided in order to
carry the heat generated by the electron emission ele- 45
ment to other portion to prevent unstable electron car-
riage due to thermal affect of the electron emission
element.

FIGS. 11 to 13 show embodiments which are pro-
vided with such heat carrier means in the electron emis- 50
sion elements (typically 501 in FIG. 5) of the electron
emission devices shown in FIGS. 5 to 9.

FIG. 11 shows major portions of a sixth embodiment
of the electron emission device of the present invention.

As shown, an electron emission element 501 is con- 55
nected to a heat sink 1101, and heat emitted from the
electron emission element 501 is conducted to the heat
sink 1101 (heat is shown by broken lines), which is
- cooled by air. -

The heat sink is preferably Al from the standpoint of o
weight and thermal conductivity. As shown, the heat
sink 1101 has fins to enhance its heat sink efficiency.

FIG. 12 shows the m’ajor portion of a seventh em-
bodiment of the electron emission device of the present
invention. 65

As shown, an electron emission element 501 is con-
nected to an end of a heat pipe 1201, which is a pipe-

- shaped or plate-shaped hollow container having a po-

8

rous material layer having a capillary action formed on
an inner wall and liquid is added and sealed therein.

As the end of the heat pipe 1201 is heated by the heat
emitted from the electron emission element 501, the
liquid 1s evaporated to absorb the heat, and when the
vapor flows to the other end of the pipe, it is cooled and
condensed to dissipate heat, and the liquid returns to the
heating end by the caplllary action.

FIG. 13 shows the major portlon of an elghth em-
bodiment of the electron emission device of the present
invention.

As shown, an electron emission element 501 is con-
nected to electrodes 1301g and 1301H of a Peltier ele-
ment which serves as cooling means. A voltage is ap-
plied between electrodes 301a and 3015 to flow a cur-
rent I through the electrode 1301a, an N type semicon-
ductor 1302, a metal 1304 (which serves as heat ab-
sorber), a P type semiconductor 1303 and the electrode
13015. Thus, the heat is removed from the electron
emission element 501 by the Peltier effect so that the
electron emission element 501 is colled. By the use of
the Peltier element, the temperature of the electron
emission element 501 may be lowered below an envi-
ronment temperature.

In the electron emission devices shown in FIGS. 11
to 13, means for carrying the heat from the electron
emission element such as heat sink, water cooling means
or oil cooling means which use metal or liquid having a
high thermal conductivity, means such as heat pipe for
dissipating heat by evaporation and condensation of
liquid, or cooling means such as Peltier element is used
to escape the heat generated by the electron emission
element or remove the heat of the electron emission
element to keep the electron emission element at or
below the environment temperature. Further, the affect
to the penpheral circuit which drives the electron emis-
sion element is reduced. Accordingly, the electron
emission efficiency is improved and the electron emis-
sion is stabilized. In the semiconductor electron emis-
sion element in which the forward bias is applied to the
PN junction to inject electrons into the P layer, an
efficiency 7 to reach the surface of the semiconductor is
represented by

naeV/kT

where |

V. bias voltage

k: Boltzman’s constant

T: absolute temperature
Thus, by lowering the absolute temperature T, the effi-
ciency M is improved and the electron emission effi-
ciency is improved.

In the electron emission element having a work func-
tion reducing material such as an alkaline metal (e.g. Cs)
formed on the electron emission surface, the evapora-
tion rate of the work function reducing material in-
creases as the temperature of the electron emission ele-
ment rises. However, in the present invention, the dura-
bility 1s extended because the electron emission element
1s kept at or below the environment temperature. |

In the electron emission devices shown in FIGS. 11

" t0 13, the temperature of the electron emission element

15 kept at the constant temperature and the affect to the
peripheral circuit which drives the electron emission
element can be reduced. Accordingly, the electron
emission effimency s further 1mproved and the electron
emission is stabilized.



4,810,934

9
The embodiments shown in FIGS. 11 to 13 can be
suitably used with a multiple-emitter electron emission
device having a plurality of electron emitters. Packing
density is improved and a high resolution muitiple-emit-
ter electron emission device is attained.
We claim:
1. An electron emission device for attracting elec-
trons emitted from an electron emission element to an
anode, comprising:
current detection means for detecting a flow-in cur-
rent to said electron emission element and a flow-
out current from said electron emission element:

operation means for calculating a difference between
the flow-in current and the flow-out current; and

voltage control means for adjusting a voltage applied
to said electron emission element in accordance
with the difference between the flow-in current
and the flow-out current.

2. An electron emission device according to claim 1
wherein said electron emission element is of a PN junc-
tion type.

3. An electron emission device according to claim 1
wherein said electron emission element is of an MIM
type.

4. An electron emission device according to claim 1
wherein said electron emission element is of a surface
conduction type.

5. An electron emission device according to claim 1

wherein said electron emission element is of an electric
field emission type. |
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6. An electron emission device for attracting elec-
trons emitted by an electron emission element to an
anode, comprising:

electron flow detection means for detecting an

amount of electron flow emitted from said electron
emission element; and

voltage control means for adjusting at least one of a

voltage applied to said electron emission element
and a voltage applied to said anode in accordance
with the output of said electron flow detection
means.

7. An electron emission device according to claim 6
wherein said electron emission element is of a PN junc-
tion type.

8. An electron emission device according to claim 6
wherein said electron emission element is of an MIM
type.

9. An electron emission device according to claim 6
wherein said electron emission element is of a surface
conduction type.

10. An electron emission device according to claim 6
wherein said electron emission element is of an electric
field emission type.

11. An electron emission device according to claim 6
further comprising thermo-detection means for detect-
Ing a temperature of said electron emission element.

12. An electron emission device according to claim
11 wherein said thermo-detection means includes a
thermo-sensor and a thermo-detection circuit.

13. An electron emission device according to claim 1
further comprising heat carrier means.

14. An electron emission device according to claim 6

further comprising heat carrier means.
%x X *x * *x
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